ABBREVIATIONS CED = convection-enhanced delivery; DMSO = dimethyl sulfoxide; ER = endoplasmic reticulum; GBM = glioblastoma multiforme; GSC = glioblastoma stem-like cell; PBS = phosphate-buffered saline; PCR = polymerase chain reaction. OBJECTIVE Glioblastoma multiforme (GBM) is an aggressive brain cancer with median survival of less than 2 years with current treatment. Glioblastomas exhibit extensive intratumoral and interpatient heterogeneity, suggesting that successful therapies should produce broad anticancer activities. Therefore, the natural nontoxic pleiotropic agent, resveratrol, was studied for antitumorigenic effects against GBM. METHODS Resveratrol's effects on cell proliferation, sphere-forming ability, and invasion were tested using multiple patient-derived GBM stem-like cell (GSC) lines and established U87 glioma cells, and changes in oncogenic AKT and tumor suppressive p53 were analyzed. Resveratrol was also tested in vivo against U87 glioma flank xenografts in mice by using multiple delivery methods, including direct tumor injection. Finally, resveratrol was delivered directly to brain tissue to determine toxicity and achievable drug concentrations in the brain parenchyma. RESULTS Resveratrol significantly inhibited proliferation in U87 glioma and multiple patient-derived GSC lines, demonstrating similar inhibitory concentrations across these phenotypically heterogeneous lines. Resveratrol also inhibited the sphere-forming ability suggesting anti-stem cell effects. Additionally, resveratrol blocked U87 glioma and GSC invasion in an in vitro Matrigel Transwell assay at doses similar to those mediating antiproliferative effects. In U87 glioma cells and GSCs, resveratrol reduced AKT phosphorylation and induced p53 expression and activation that led to transcription of downstream p53 target genes. Resveratrol administration via oral gavage or ad libitum in the water supply significantly suppressed GBM xenograft growth; intratumoral or peritumoral resveratrol injection further suppressed growth and approximated tumor regression. Intracranial resveratrol injection resulted in 100-fold higher local drug concentration compared with intravenous delivery, and with no apparent toxicity. CONCLUSIONS Resveratrol potently inhibited GBM and GSC growth and infiltration, acting partially via AKT deactivation and p53 induction, and suppressed glioblastoma growth in vivo. The ability of resveratrol to modulate AKT and p53, as well as reportedly many other antitumorigenic pathways, is attractive for therapy against a genetically heterogeneous tumor such as GBM. Although resveratrol exhibits low bioavailability when administered orally or intravenously, novel delivery methods such as direct injection (i.e., convection-enhanced delivery) could potentially be used to achieve and maintain therapeutic doses in the brain. Resveratrol's nontoxic nature and broad anti-GBM effects make it a compelling candidate to supplement current GBM therapies.
A n estimated 22,000 new primary malignant brain tumors are diagnosed in the US each year, accounting for 1.5% of all cancer-related deaths. 3 The most prevalent and aggressive malignant brain tumor is glioblastoma multiforme (GBM), also called Grade IV astrocytoma, which is a cancer of the supporting glial cells and accounts for more than 14,000 cases. 3 The median survival in patients with GBMs is less than 2 years due to rapid recurrence, despite maximal surgery, temozolomide chemotherapy, and radiation. 48 The subset of glioblastoma stem-like cells (GSCs) and/or other therapeutically resistant GBM cells are hypothesized to drive tumor recurrence. 13, 47 Therefore, therapeutic GSC targeting will be critical for improving clinical outcomes.
Glioblastomas harbor diverse genetic abnormalities, including dysregulation of receptor tyrosine kinases (PDGFRa, EGFR), tumor suppressors (NF1, p53), and cell cycle regulatory pathways (p16, Rb). 11 Recent efforts have also identified involvement of epigenetic 36 and metabolic (IDH1/2) 39,58 mutations in GBM. Altogether, GBMs are characterized by a complex somatic genetic landscape and redundancy in oncogenic and tumor suppressor pathways. 11 This complexity suggests that specifically targeted molecular agents will likely be ineffective for improving outcomes in patients with GBM, with many such agents failing to show benefit in clinical trials. 5 New therapies delivering broad anticancer effects would be desirable to treat GBM effectively. The natural plant-derived compound resveratrol (3,4' ,5-trihydroxytrans-stilbene) exerts multiple anticarcinogenic effects on tumor cell growth, inflammation, apoptosis, angiogenesis, invasion and/or metastasis, and sensitization to radiation and chemotherapies, 4 and it inhibits growth and invasion of glioma cell lines. 20, 25, 26, 31 Resveratrol crosses the bloodbrain barrier, 56 although precise intracranial concentrations have not been established, and then exhibits pleiotropic molecular effects to alter many different signaling pathways important for GBM proliferation (i.e., nuclear factor-kB, Rb-E2F, p53, phosphatidylinositol 3-kinase/ Akt, and mitogen-activated protein kinase pathways). 1, 4 Some of these pathways, such as Akt, 18, 21 JAK/STAT, 59 and Nanog, 44 are also important for GSC maintenance. Importantly, resveratrol is nontoxic and exhibits virtually no serious adverse effects at doses up to 5 g in humans 10 and could potentially be used as a nontoxic supplement to current adjuvant temozolomide chemotherapy and radiation therapy. To date, suboptimal bioavailability due to resveratrol's poor aqueous solubility and rapid metabolism to inactive products have hampered development of resveratrol-based therapies. 8, 40, 43, 55, 57 However, novel delivery systems applicable to resveratrol, including nanoparticle formulations 37, 42 and neurosurgical methodologies such as convection-enhanced delivery (CED), 53 are close to practical clinical applications and could potentially deliver therapeutically relevant doses of resveratrol.
In this study, we analyzed the antitumorigenic effects of resveratrol against GBM and GSCs in vitro and in vivo. Resveratrol inhibited proliferation of GBM cell lines and sphere-forming self-renewal of GSCs and blocked invasion of both GBM cells and highly invasive GSCs in vitro. Resveratrol altered multiple oncogenic and tumor suppressor pathways, including deactivating oncogenic Akt while stimulating p53 and the associated tumor suppressor gene network. Finally, resveratrol inhibited in vivo GBM xenograft growth through multiple routes of administration: daily oral administration, ad libitum water intake, or direct intra-and peritumoral injection. Preliminary pharmacokinetic studies in normal mouse brain demonstrated a 100-fold increase in local resveratrol concentration using intracranial compared with intravenous delivery, without any observed toxicity. Altogether, resveratrol demonstrated broad anti-GBM activity, and as a nontoxic compound could be a valuable adjuvant therapy to improve outcomes in patients with GBMs.
Methods

Cell Culture
The GSCs were derived directly from GBM specimens obtained in the operating room, under a protocol approved by the University of Wisconsin-Madison's institutional review board. Glioblastoma specimens were collected anonymously from patients per the institutional review board protocol, so verifying cell lines by comparing with the original tumor was not possible. Each cell line was rigorously validated for self-renewal by neurosphere formation, multipotency, and tumor initiation (see below) before experiments were performed. Established cell cultures came from cryopreserved cell cultures ranging from passages 15 to 22. Cells used for experiments ranged from passages 20 to 25. The U87 glioma cell line was purchased from the American Type Culture Collection and used within 6 months of receipt without additional testing or authentication.
The GSCs were cultured under marker neutral conditions in serum-free stem cell medium as previously described. 16, 60 Briefly, tumor tissue was collected directly from the operating room, weighed, coarsely minced with microdissection scissors, and enzymatically dissociated (Accutase, Millipore Corp.) to single cells at 37°C for 20-30 minutes. The cell slurry was passed through a 40-μm cell strainer and red blood cells were eliminated using a lysis buffer (Red Blood Cell Lysing Buffer, Sigma-Aldrich Co.). The final single-cell suspension was plated as suspension culture at approximately 200,000 cells/ml in stem cell medium (70% DMEM-high glucose, 30% Ham's F12, 1× B27 supplement, 5 μg/ml heparin, 1% antibiotics, and 20 ng/ml each of epidermal growth factor and basic fibroblast growth factor). Cultures were passaged approximately every 10-21 days by tissue chopping 2× at 200 μm. Patient-specific GSC lines were isolated from primary GBM (lines 22, 33, and 44) or recurrent GBM (line 12.1). We have previously shown that these GSC lines display multilineage potential and self-renewal in cell culture, and efficiently (with as few as 100 cells) initiate GBM orthotopically in mice, growing tumors that exhibit hallmarks of human GBM, including infiltration into normal brain parenchyma. Specifically, the 44-GSC line is highly infiltrative in orthotopic xenografts 60 and representative of more difficult treatment conditions in patients; therefore, resveratrol was tested against this patient-derived GSC line in most experiments. The U87 glioma cell line was maintained in growth medium (DMEM, 10% fetal bovine serum, and 1% antibiotics) and passaged when indicated using standard trypsin digestion (Life Technologies). The cells were maintained at 37°C with 5% CO 2 .
Proliferation Assay
The U87 glioma cells were plated in 96-well tissue culture plates at 750 cells/well. The 44-GSCs were plated on laminin-coated 96-well tissue culture plates at 20,000 cells/well. Different dosages of resveratrol were added after overnight recovery, and viability was monitored at multiple time points using cell titer blue (Promega Corp.) according to the manufacturer's instructions. Medium was changed every other day with fresh aliquots of resveratrol. Fluorescence was measured at excitation/emission wavelengths of 560/590 nm, respectively, by using a fluorescence plate reader (Synergy Molecular Devices).
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GSC Sphere-Forming Assay
Plating densities resulting in visually near-clonogenic sphere growth for all GSC lines were optimized first. For experiments, spheres were enzymatically dissociated to single cells and incubated in 96-well plates at optimal density (500-1000 cells) in stem cell medium. After recovery overnight, resveratrol or vehicle control (0.1% dimethyl sulfoxide [DMSO]) was added, establishing a dose-response curve. On formation of approximately 200-μm-diameter spheres in control groups (2-4 weeks), the total number of spheres was manually counted within each of the culture wells.
Invasion Assays
Transwell inserts (8-μm pore polycarbonate Transwell permeable support, Millipore Corp.) were coated on the upper surface with 200 μg/ml of Matrigel at room temperature, followed by 5 μg/ml of fibronectin (Sigma-Aldrich Co.) at 4°C overnight on the lower surface, as previously described. 9 Actively growing GSCs or U87 glioma cells were treated with Accutase or trypsin, respectively, and were washed and resuspended at 10 6 cells/ml in serumfree medium containing DMSO or resveratrol of desired dosages. Then, 10 5 cells in 100 μl of medium were carefully placed in the upper chamber. The upper and lower chambers contained the same media as the cell suspensions. After a 4-hour incubation at 37°C, cells from the upper chamber were wiped clean and cells from the lower chamber were fixed with 4% paraformaldehyde. Next, DAPI (Life Technologies) diluted to 10 μg/ml in phosphate-buffered saline (PBS) was used to stain cell nuclei. Images were taken using a fluorescent microscope (Evos FL; Thermo Fisher Scientific, Inc.). Nuclei were automatically counted using ImageJ software (Wayne Ras-band, NIH, rsbweb freeware) across multiple microscopic fields per experimental condition.
Western Blot Analysis
The GSCs or U87 glioma cells were lysed with radioimmunoprecipitation assay (RIPA) buffer supplemented with protease and phosphatase inhibitors and subsequently mixed with sodium dodecyl sulfate-containing solution. Equal amounts of protein were loaded onto 10% polyacrylamide gels, transferred to polyvinylidene difluoride membrane, and stained with antibodies. Primary antibodies to the following antigens were used: phosphorylated (ser473) Akt (clone D9E); pan-AKT (clone C67E7); phosphorylated (ser15) p53 (clone 16G8); p53 (clone 7F5) (all from Cell Signaling Technology, Inc.); and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Bio-Rad, Inc.). Horseradish peroxidase-conjugated species-specific secondary antibodies (Jackson Immuno Research) were then used to label primary antibodies, followed by detection via a chemiluminescent substrate (ECL kit, GE Healthcare), as described previously.
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Quantitative Real-Time Polymerase Chain Reaction After 24 hours of resveratrol treatment, U87 cells and GSCs were collected and total RNA was isolated using Trizol (Life Technologies). Following extraction with chloroform and addition of an equal volume of ethanol to the aqueous phase, samples were loaded onto RNeasy columns (Qiagen) and RNA was purified according to the manufacturer's instructions. First-strand cDNA was synthesized with random hexamers by using the Superscript III First Strand Synthesis System (Life Technologies). Specific primers were designed using Primer-BLAST (National Center for Biotechnology Information) and purchased from Integrated DNA Technologies. Quantitative real-time polymerase chain reaction (PCR) was performed with SYBR-Green supermix (Bio-Rad) on an iCycler (Bio-Rad) according to the manufacturer's instructions. Relative expression levels and ranges were calculated according to the comparative method (ABI Prism 7700 Sequence Detection System: Relative Quantitation of Gene Expression. User bulletin 2: revision B. PE Applied Biosystems; 2001).
Tumor Xenograft Assays
Resveratrol formulations were as follows: 125 μl of ethanol was added to 125 mg of resveratrol, then dissolved in 5 ml of a 10% P104 aqueous solution, and filtered through a 0.2-μm syringe filter to obtain a clear solution (for intratumoral injection). The DMSO (4 ml) was added to 100 mg of resveratrol (for peritumoral injection). Although DMSO is a common vehicle used for intraperitoneal, peritumoral, and other routes of drug delivery, in our experience direct intratumoral injections of DMSO can result in the formation of scabs surrounding the injection site and more lethargic animals. The difference observed between intra-and peritumoral injections may be due to the extensive vasculature associated with the tumor. We find, however, that the problem associated with intratumoral drug delivery is alleviated by using ethanol and P104 as vehicle instead of DMSO.
The Animal Care and Use Committee at the University of Wisconsin-Madison approved all animal experiments. All animal caretakers and laboratory staff followed standards set by the Association for the Assessment and Accreditation of Laboratory Animal Care International (AAALAC International). For the in vivo experiments, 5-to 6-week-old female BALB/c nude mice (52 animals total) were purchased from Charles River Laboratories. Animals were housed in a pathogen-free isolation facility on a 12-hour light-dark cycle, with food and water provided ad libitum. Mice were each given a dorsal subcutaneous injection of 5 × 10 6 U87 glioma cells suspended in 500 μl of 1:1 culture medium and basement membrane matrix suspension (Matrigel, Becton Dickinson). Tumors were allowed to grow to approximately 200 mm 3 before the animals were randomized into 8 groups. Group 1 (10 animals) received water containing 0.1 mg/ml resveratrol ad libitum for 18 days, whereas Group 2 (10 animals) received water ad libitum for the same period; Group 3 (10 mice) received 50 mg/kg of resveratrol in 100 μl of Neobee M5 oil daily by oral gavage for 18 days, whereas Group 4 (10 mice) received Neobee M5 oil alone. Group 5 (3 mice) received 5 injections of 200 μl of 5 mg resveratrol in P104 (BASF Co.) into the tumor (intratumoral) over a period of 2 weeks, whereas Group 6 (3 mice) received 5 injections of P104 vehicle alone in a similar fashion; Group 7 (3 mice) received 5 injections of 200 μl of resveratrol (5 mg) in DMSO into the tissue adjacent to the tumor (peritumoral) over a period of 2 weeks, whereas Group 8 (3 mice) received 5 injections of DMSO alone over the same period.
Tumor size was measured twice weekly with calipers in 3 dimensions (length, width, and height), and the volume was determined by multiplying the 3 values. One day after the last dose, mice were killed and their tumors harvested, and a final tumor measurement taken in 3 dimensions using calipers. Animal protocols required that all mice be killed on the observation of symptomatic or moribund control group animals, and therefore long-term follow-up of treated animals could not be performed in this study. After euthanasia, the tumors were fixed in 10% neutral buffered formalin and processed for histological investigation. Five-micrometer sections were cut that encompassed the full circumference of the tumor and then were stained with H & E. The outline of the tumor in each section was traced from a microscopically digitized image, and the areas of viable-and nonviable-appearing tumor were measured using ImageJ software.
The means and standard deviations of the tumor volume in each group were calculated. Statistical differences between each treatment group and the respective control group were determined using an unpaired 2-tailed t-test; p values less than 0.05 were considered significant.
Resveratrol Brain Pharmacokinetic Analysis
Resveratrol was dissolved in PBS at 100 μg/ml, which is approximately maximum solubility. For intravenous delivery, the tails of ICR outbred mice (9 animals) were first submerged in warm (30°C-35°C) water to stimulate vein dilation, and then 100 μl of resveratrol solution was slowly injected into the tail vein.
For intracranial delivery, using a Hamilton syringe, 10 μl of the resveratrol solution was stereotactically injected into the right striatum of anesthetized ICR outbred mice (9 animals) at 1 μl/min at the following coordinates referenced from bregma: 0 mm anteroposterior, +2.5 mm mediolateral, and -3.5 mm dorsoventral. 16, 60 In initial experiments, mice were observed for 1 hour for toxic effects. After verification that there were no toxic effects, an additional cohort of mice was killed at 5, 30, and 60 minutes (3 mice per time point) for a pharmacokinetic analysis. Mice were killed at each time point by exsanguination and perfused with PBS. The brain was then rapidly removed, weighed, and frozen in liquid nitrogen.
For pharmacokinetic analysis, brains were extracted with 3 volumes of PBS using 30 strokes of a Dounce (type A pestle) homogenizer, and 55 μl of each extract was then transferred to a 500-μl amber microcentrifuge tube. To construct calibration curves, extracts from untreated brains were spiked with 2.2 μl of serial dilutions of resveratrol dissolved in 100% acetonitrile. Extracts from treated and untreated brains were then transferred onto Ostro plates (Waters Corp.), triturated, and incubated for approximately 2 minutes with occasional shaking. Additionally, 150 μl of acetonitrile/1% acetic acid was spiked with an internal standard, Naproxen D3. The resulting samples were run through a CSH-C18 column (Thermo Fisher Scientific, Inc.), transferred to Waters vials, and analyzed using the LC/MS/MS system (Agilent 1100 LC-MSD quadrupole SL). Data were analyzed and compared with internal standards to obtain mass concentrations (in μg/g) of resveratrol in whole brain.
For intravenous delivery, resveratrol whole-brain molar concentration (in μM) was approximated using a value for brain density of 1.081 g/ml. 7 For intracranial delivery, local brain molar concentrations were approximated from whole-brain total drug mass by using CED parameters reported in the literature. A volume distribution (V d ) to volume injected (V i ) ratio of 5.23 ± 1.67 33 was used to calculate the molar concentration of resveratrol at the infusion site. This V d /V i ratio is an experimentally derived value for CED that uses a 1 μl/min flow rate into nonhuman primate brain. 33 The means and standard errors for mass and molar concentration in each group were also calculated.
Results
Resveratrol Inhibits Glioma Cell and GSC Proliferation In Vitro
Resveratrol's antiproliferative effects on GBM were investigated by determining dose-response growth curves in cell culture. Administration of resveratrol significantly inhibited U87 glioma cell proliferation compared with vehicle control (Fig. 1A) , with a measured IC 50 (half maximal inhibitory concentration) of 20 μM on Day 5 of drug exposure. In parallel experiments, resveratrol also inhibited GSC proliferation (Fig. 1B) . Similar effects were observed for GSC self-renewal and proliferation in which a sphereforming assay was used. Compared with DMSO vehicle control, addition of resveratrol (doses from 5 to 50 μM) resulted in more than 50% inhibition of sphere formation in 4 independent patient-derived GSC lines (12.1, 22, 33, and 44) (Fig. 1C) .
Resveratrol Inhibits GBM Cell Migration In Vitro
Tumor cell infiltration into normal brain parenchyma is a hallmark of GBM, preventing complete surgical extirpation and limiting the effectiveness of adjuvant radiation and chemotherapy. 32 Resveratrol inhibition of GBM cell invasion was tested using a Transwell assay with Matrigel substrate. Four hours of exposure to as little as 5 μM of resveratrol significantly decreased U87 glioma cell invasion compared with the DMSO control ( Fig. 2A and B ; p < 0.05, n = 3 in each of 3 independent experiments), with greater than 75% inhibition at resveratrol doses of 50 μM and higher (Fig. 2B) . Implantation of the highly invasive 44-GSC line results in orthotopic tumor xenografts throughout most of the brain parenchyma. 60 Notably, 44-GSCs were similarly inhibited by resveratrol in the Matrigel invasion assay cited above, as compared with vehicle controls (Fig. 2C ; p < 0.05, n = 3 in each of 3 independent experiments).
Resveratrol Affects AKT and p53 Signaling Pathways
Resveratrol has pleiotropic effects that alter many cellular signaling pathways, 1 including core oncogenic pathways such as AKT and p53 mechanisms involved in GBM growth, survival, and invasion. 12 After resveratrol or DMSO vehicle treatment, U87 glioma cells and 44-GSCs were processed for Western blot analysis. Activation of AKT, tested via ser473 phosphorylation, was reduced in a dose-dependent manner in U87 glioma cells treated with resveratrol (Fig. 3A, upper) . Resveratrol treatment also decreased AKT phosphorylation in 44-GSCs (Fig. 3A,  lower ). There were no discernable changes in total AKT protein levels.
To further test the involvement of AKT in GBM cell invasion, U87 glioma cells were incubated with triciribine, an AKT inhibitor, and a Transwell migration assay with Matrigel was performed. Triciribine exposure up to 24 hours did not change U87 glioma cell viability (Fig.  3B ), but inhibited U87 glioma cell invasion by greater than 80% within 4 hours of treatment (Fig. 3C) . The combination of resveratrol and triciribine inhibited cell invasion to a larger degree than either compound alone (Fig. 3C) .
FIG. 1.
Resveratrol inhibits the growth of GBM cells and GSCs. Decreased U87 glioma cell (A) and 44-GSC (B) proliferation after resveratrol treatment compared with vehicle control (DMSO) (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 using Student's 2-tailed t-test, n = 3 in each of 3 independent experiments). Likewise, as little as 5 µM resveratrol inhibited sphere formation (C) in multiple patientderived GSC lines compared with the vehicle control (*p ≤ 0.05 compared with 0 µM resveratrol [RES] by ANOVA followed by post hoc Tukey test, n = 3 in each of 3 independent experiments). Values represent the mean ± SD. Res = resveratrol; Rfu = relative fluorescence units.
By regulating expression of diverse downstream target genes, p53 can induce cell cycle arrest and apoptosis, contributing to the inhibition of glioma cell growth, as shown in Fig. 1 . To test this possibility, U87 glioma cells and 44-GSCs were treated with resveratrol and Western blot analysis was performed using antibodies specific to p53 and phosphorylated (ser15) p53. Compared with vehicle controls, resveratrol treatment increased p53 expression and, concomitantly, the levels of phosphorylated p53 in U87 glioma cells (Fig. 4A, upper) and GSCs (Fig. 4A,  lower) . Resveratrol induction of p53 in U87 glioma cells was dependent on calcium (Fig. 4B, upper) . Preincubation with BAPTA (a cell-permeable calcium chelator) blocked resveratrol-induced p53 expression and phosphorylation. This finding is consistent with previous reports that intracellular calcium increased after exposure of tumor cells to resveratrol. 43 However, the resveratrol-induced increase of p53 expression in 44-GSCs was independent of calcium ( Fig. 4B, lower) . To further verify that resveratrol induces the expression and phosphorylation of p53, quantitative PCR was used to measure changes in expression of p53-dependent downstream genes. As shown in Fig. 4C , resveratrol treatment of U87 glioma cells led to increased expression of Bax, Pig8, and TP53INP. Increased expression of these and additional p53-dependent target genes was observed in 44-GSCs treated with resveratrol (Fig. 4D) .
Resveratrol Reduces Tumor Growth In Vivo
The antitumorigenic effects of resveratrol were tested in vivo by using a U87 glioma xenograft model. Tumor cells implanted in the dorsal flanks of immune-deficient mice formed tumor xenografts of approximately 200 mm 3 after 14-21 days. Different routes of resveratrol administration were tested to measure therapeutic efficacy and to detect any toxicity. As dictated by the animal protocol, when control animals became symptomatic or moribund, all animals were killed; treated animals therefore could not be followed for long-term survival.
In the first experiment, resveratrol was administered ad libitum through the drinking water supply. Resveratrol has limited solubility of approximately 100 μg/ml in aqueous solutions. Mice used in this study consumed approximately 5 ml of fluid/day, and thereby attained a daily intake of approximately 500 μg of resveratrol or a dose equivalent to 25 mg/kg/day. In contrast to dosing via oral gavage, ad libitum consumption of water that contains resveratrol occurs over the full 24 hours of each day. Administration of resveratrol in the water supply resulted in significantly smaller average tumor volumes in resveratrol-treated animals compared with xenografts in control animals (p = 0.01). Significantly reduced tumor volumes were observed with resveratrol administration compared with vehicletreated animals as early as 7 days and continued until euthanasia at 18 days. The average tumor volume in the resveratrol group at the end of the experiment was 916 ± 94 mm 3 versus 1502 ± 173 mm 3 for the control group, or approximately a 40% inhibition of tumor growth at 18 days posttreatment (Fig. 5A) .
For the second delivery route, a single daily delivery of resveratrol by oral gavage consisted of approximately 1 mg/mouse, equivalent to a 50 mg/kg/day dose, or roughly twice the amount of resveratrol delivered via the drinking water regimen in the first experiment. With the oral gavage treatment protocol, the average tumor volume of animals treated with resveratrol also was significantly smaller than the tumor volume of animals in the control group (p = 0.04). The average tumor volume in the treatment group was 896 ± 167 mm 3 the control group, or a 39% inhibition of tumor growth by Day 18 posttreatment. The bioavailability of resveratrol can be increased by direct injection, thus avoiding limited uptake in the stomach and gastrointestinal tract as well as rapid metabolism in the gut and liver. 51 As shown in Fig. 5B -D, the intratumoral injection of resveratrol decreased tumor volume by 60% compared with tumors injected with vehicle alone (p = 0.03). Peritumoral injection of resveratrol had a comparable effect, decreasing tumor volume by 56% compared with the vehicle control. Subsequent histological analysis of the tumors obtained at necropsy revealed that approximately 25% of the tumor volume consisted of necrotic cells (Fig. 5B and C) . There was no statistically significant difference between necrotic areas in tumors obtained from control or resveratrol-treated mice (p = 0.29). Even at these higher doses of resveratrol attained by direct injection, there were no adverse effects to vital organs observed on histological examination.
The ability to deliver resveratrol to the normal brain parenchyma was also explored using multiple delivery mechanisms. After intravenous injection, resveratrol was detectable in brain tissue after 5 minutes (0.027 ± 0.0050 μg/g, 0.13 ± 0.024 μM; Table 1 ) but undetectable at 30 and 60 minutes. Using intracranial delivery, however, local resveratrol concentrations were increased approximately 100-fold after 5 minutes (2.8 ± 0.20 μg/g, 13 ± 0.94 μM; Table 1 ) and remained detectable for up to 60 minutes (30 minutes: 2.4 ± 0.71 μg/g, 11 ± 3.4 μM; 60 minutes: 1.6 ± 0.15 μg/g, 7.6 ± 0.72 μM). No adverse side effects were observed up to 1 hour following intracranial delivery.
Discussion
There is considerable interest in using the nontoxic plant polyphenol compound resveratrol as a potential cancer therapeutic agent. 20, 22, 42 It exhibits antitumorigenic activity against a broad range of cancers by modulating diverse oncogenic and tumor suppressor pathways, including proliferation, apoptosis, autophagy, migration, angiogenesis, and inflammation. 1 In other cancers resveratrol has also been demonstrated to activate the intrinsic apoptotic pathway, 51 an endoplasmic reticulum (ER) stress response, 38 and a family of calcium-dependent cysteine proteases, 43 thereby causing tumor cell death and improving cancer control. 29 In this study, we demonstrate that resveratrol induces widespread anti-GBM and anti-GSC effects by deactivating oncogenic AKT and activating the tumor suppressor p53 gene network, and inhibiting GBM's hallmarks of cell proliferation and infiltration. Resveratrol's broad anti-GBM effects are very desirable due to an extensive landscape of tumor genetic aberrations 11 and a large number of mutated or abnormal cancer pathways resulting in tumor heterogeneity, 11, 12 as well as intrinsic and rapidly acquired resistances of GBM cells and GSCs. 6, 13, 16, 30 Additionally, median survival is poor despite the current clinical treatment of maximal safe resection followed by adjuvant radiation and temozolomide chemotherapy, 48 a relatively toxic regimen for patients. Resveratrol was demonstrably shown to be nontoxic, with even up to 5-g doses showing no adverse side effects in humans;
10 therefore it is a good candidate to supplement current treatments. Filippi-Chiela and colleagues recently reported in vitro studies showing resveratrol's synergy with temozolomide, the current clinical GBM chemotherapy, to cause mitotic catastrophe in tumor cells. 19 In addition, the ability of resveratrol to target and reduce the therapeutically resistant GSC subpopu- lation, which has been shown in this study and by other groups, 44, 59 could also improve GBM outcomes. 29 Taken together, there is compelling evidence for combining resveratrol with standard GBM treatments.
Resveratrol inhibition of the growth of GBM cells and GSCs was first demonstrated against the U87 glioma cell line and 4 independent patient-derived GSC lines isolated via marker-neutral stem cell culture. 16, 60 Initial viability assays suggested that resveratrol may affect GSCs less than established U87 cells, which is not surprising because GSCs are notoriously resistant to many commonly used therapies. 6, 30 However, the effect of resveratrol on cell viability, as shown in Fig. 1 , is a composite of antiproliferative and proapoptotic events. As can be seen by comparing the data in Fig. 1A and B, the GSCs have a much slower growth rate, and therefore the antiproliferative effects of resveratrol are not as evident until Day 7; much later than that observed for the faster-growing U87 glioma cells. In contrast to these findings, in the longer sphere-forming assay (2-4 weeks) compared with the proliferation assay (5-7 days), the GSCs demonstrated similar drug sensitivity, which suggests anti-stem cell effects of resveratrol that may help with clinical long-term control of glioblastoma. The fact that resveratrol has less of an impact on the levels of AKT phosphorylation in GSCs (Fig. 3) during the shorter time line of the experiment correlates with the results obtained in the viability assays comparing GSCs and U87 cells. Additionally, some differences in resveratrol sensitivity were observed among GSC lines (Fig. 1C) , probably due to intertumor heterogeneity of patient-derived GSCs, as has been described. 54, 60 Interestingly, the resveratrol-sensitive GSC lines in this study show increased stem cell marker expression, result in less invasive orthotopic xenografts, and are positive for the oligodendroglial marker 2' ,3'-cyclic nucleotide 3'-phosphodiesterase (CNP), compared with other GSC lines with more invasive orthotopic xenograft phenotypes and high glial fibrillary acidic protein expression. 60 The "proneural" class 23, 41 shares attributes with the CNP + GSC class, such as increased stem cell gene and protein expression and less invasive orthotopic xenograft growth. Therefore, resveratrol might be used to selectively target the proneural GBM subtype that is known to be relatively resistant to current treatments. 28, 52 Although less sensitive to resveratrol's antiproliferative effects than the 12.1-and 22-GSC lines, the 44-GSC line was sensitive to the antiinvasive effects of resveratrol (Fig. 2) , demonstrating resveratrol's utility in the broad inhibition of multiple tumorigenic processes in this molecularly heterogeneous cancer.
The specific molecular mechanism(s) underlying resveratrol's anti-GBM activities is still being elucidated. In this study, we demonstrated inactivation of AKT and activation of the p53 tumor suppressor pathway. A resveratrolmediated decrease in and inactivation of AKT protein has been demonstrated in glioma cell lines, resulting in decreased proliferation, increased apoptosis, and decreased migration. 25, 26 In this study, resveratrol decreased AKT phosphorylation at ser473 in both GBM cells and GSCs while minimally affecting total AKT protein levels. The AKT oncogene specifically regulates infiltration into normal brain parenchyma 34 and promotes maintenance of the GSC subpopulation. 18, 21 It is important to note that pan-AKT protein assays were done in this study, and individual AKT isoforms were not tested. Some AKT isoformspecific effects have been reported in glioblastoma. 14, 35 Our results showing resveratrol activation of the p53 tumor suppression network are consistent with other studies. 44 The U87 glioma cell line used in this study exhibits genetically wild-type p53, 19 whereas p53 genotyping of the 44-GSC line is ongoing. Wild-type p53 is not always crucial to elicit a resveratrol response because some p53 mutant lines (i.e., U138) also display resveratrol sensitivity, 19 due to multifaceted antiproliferative and proapoptotic effects of resveratrol, whereas others do not (i.e., LN-18). 46 Serine-15 phosphorylation of p53 leads to decreased affinity for the negative regulator Mdm2, and increases p53 protein stability. In addition, it promotes nuclear retention of p53 and it promotes recruitment of transcriptional coactivators of p53 target genes. We demonstrated that resveratrol activates transcription of several key downstream p53 target genes such as TP53INP1, an alternatively spliced gene that encodes 2 nuclear protein isoforms (TP53INPa and TP53INP1b). When overexpressed, both isoforms induce cell cycle arrest in G1 and enhance p53-mediated apoptosis. Another p53-activated gene is EI24/ PIG8, a novel ER-localized Bcl-2-binding protein that may contribute to apoptosis by modulating the activity and/or function of Bcl-2 in the ER. Also, EI24/PIG8 may serve to prevent tumor spreading, consistent with its suspected role as a tumor suppressor. Bax is a proapoptotic member of the Bcl-2 family that is thought to activate the mitochondrial voltage-dependent anion channel that is also activated by p53. Other studies have shown that resveratrol activates the mitochondrial or intrinsic apoptotic pathway leading to cytochrome c release and the eventual activation of caspase-3.
43,51
Sato et al. demonstrated resveratrol-induced p53 activation results in proteosomal degradation of Nanog, a transcription factor that maintains stem-like identity, and loss of stemness in GSCs. 44 Other groups have shown that resveratrol regulation of STAT3 and related genes suppresses tumorigenicity and induces GSC differentiation. 59 Resveratrol has also repeatedly been demonstrated to alter organism and cellular metabolism, acting as a mimetic of calorie restriction. 15 Dysregulated metabolic function, such as in lipogenesis 24 or through isocitrate dehydrogenase (IDH) mutation, 39, 59 is now established in GBM tumorigenesis. Although not tested in this study, resveratrol correction of abnormal metabolism in GBM cells and GSCs could be another potential mechanism of its antitumorigenic effect. Overall, resveratrol exerts pleiotropic molecular effects against cancer, 1 suggesting a general upstream molecular mechanism with broad downstream effects that could be advantageous in cancers like GBM that have an extensive mutational and abnormal genetic landscape. 11 Altogether, we have demonstrated resveratrol's antitumorigenic modulation of AKT and p53 in glioblastoma, in agreement with other groups. However, the extensive repertoire of resveratrol's antitumorigenic cellular and molecular mechanisms was not tested in this study, and such additional mechanisms also probably contribute to the anti-GBM effects observed.
Although resveratrol has repeatedly demonstrated positive antitumorigenic effects across a broad range of cancer types, its translation to clinical use has been challenging due to pharmacological and pharmacokinetic difficulties. 49 In mouse xenografts, resveratrol significantly suppressed GBM growth via oral administration and could ablate tumors while sparing normal tissue via intra-and peritumoral injection. Resveratrol is rapidly metabolized in vivo to produce adducts that possess significantly less potent anticancer properties, and achieving efficacious intratumoral concentrations of active resveratrol after oral administration is difficult. 15 Similarly to a previously reported study for neuroblastoma, 51 oral administration of resveratrol significantly suppressed GBM growth in vivo (Fig. 5 ) but did not cause tumor regression, presumably because intratumoral concentrations were insufficient to activate apoptotic mechanisms in GBM cells. Direct injection of resveratrol, a method reported to increase resveratrol concentration in xenograft models 1000-fold, 27 exhibited a stronger antitumor effect than oral delivery and almost completely halted tumor growth with no observed toxicity to surrounding normal tissue. To overcome biodistribution issues in humans, direct injection or CED could be used for therapeutic delivery to brain tumors. 2, 17 This is supported by our preliminary pharmacokinetic studies in normal brain (Table 1) , which showed that direct delivery achieved 100-fold higher concentrations of local resveratrol, with longer duration. In addition to the direct injection of resveratrol as a therapeutic agent, or its combination with temozolomide, we are pursuing the development of novel resveratrol-based analogs that remain safe and effective and are designed with new features to improve solubility, achieve more efficient and effective intravenous delivery, reduce first-pass metabolism, and enhance bioavailability.
Conclusions
We have demonstrated widespread inhibitory effects of resveratrol against GBM cells and GSCs, as well as in vivo growth suppression of GBM through multiple administration routes. Resveratrol's nontoxic profile and broad anti-GBM effects strongly support its further development as an adjuvant therapy to improve patient outcomes, especially through its direct delivery.
